A B S T R A C T Activation
INTRODUCTION
Activation of cardiopulmonary receptors with vagal afferents reflexly inhibits sympathetic adrenergic discharge to mnany vascular beds in animals and humans (1) (2) (3) (4) (5) (6) . Conversely, activation of somatic receptors triggers excitatory reflex responses as a result of increased symipathetic adrenergic discharge (7) (8) (9) (10) . Exercise is a potent stimulus to somatic receptors anid results in reflex increases in heart rate, meian arterial pressure, and systemic vascular resistance (8, 11, 12) . The effects of exercise on cardioptlmiioniary receptors are less well-defined but the increase in ventricular contractility and stroke voltumiie wouil(d be expected to aiugment the discharge of' cardlioptl m)oniarv receptors with vagal afferents (13, 14) anid, thuis, reflexlv inhibit sympathetic ouitflow to the resistaniee vessels (14) . Interactions letween the inhibitory car(lioptlllmoniary reflex andl the excitatory somlatic reflex may, therefore, play ain imnportanit role in the neuiral conitrol of' the circulation (lutring exercise.
In the dog, there is an important interaction among somatic, sinoaortic, and cardiopulmonary (vagal) reflexes (15) (16) (17) . The reflex renal vasoconstrictor response to stimulation of somatic afferents was markedly augmented after removal of the tonic inhibitory influence of cardiac vagal afferents on the sympathetic system (17) . Conversely, the somatic reflex was inhibited after activation of the cardiopulmonary receptors by volume loading (17) . The purpose of the present study was to determine whether an initeraction between the somatic and cardiopulmonary reflexes is present in humans. The results show that the increases in forearm vascular tone, observed with isometric handgrip, are markedly potentiated by reducing the stimulus to the cardiopulmonary receptors with low levels of lower body negative pressure (LBNP).1 METHODS 11 healthy males, 21-33 vr, were studlied. The studlies were (lone with the suhject lying supine in a warm (26°C) quiet room. The lower body was enclosed in an airtight box to the level of' the iliac crests. Low levels of' LBNP have been previously shown to decrease the tonic inhibitory influence f'rom receptors in the calrdiopulmoniarv area without changing arterial bloo10 pressure andl to result in a dlecrease in forearmll blood flow (5, 6) . Blood flow to the right forearmii was meassured with a Whitney mercury-in-silastic strain gauge plethysmograph (18) . The strain gauge was placed around the f'orearm, 4-8 cm distal to the elbow. The arm was elevated and supported at the wrist so that the proximal forearm was -10 cm above the anterior chest wall. A pneumatic cuff was placed around the upper arm and inflated intermittently above venous pressure for 6-8 s. To exclude the circulation to the hand, a seconid cuff applied to the wrist was inflated to suprasystolic pressures during the measurements. Forearm blood flow was calculated f'rom the rate of' increase of f'orearm volumiie during venous occlusion and expressed as milliliters per minute per 100 ml forearm volume. Arterial blood pressure was dletermined by sphygmomlanometry f'rom the left arm. One of' us, J.L.W., performed all the blood pressure determinations to eliminate interobserver variation. Mean arterial pressure was calculated by adding one-third of the pulse pressure to the diastolic pressure. Forearm vascular resistance was calculated by dividing mean arterial pressuire in millimeters of Hg by forearm blood flow.
Somatic receptors were stimulated by isometric handgrip. Each subject squeezed a handgrip dynamometer (Weston dynainomneter; Weston Instruments, Inc., Newark, N. J.) to the maximal force he could develop with the left hand. This meassuremenit was taken as the subject's maximal voluntary conitraction (MVC) . Subjects were then asked to maintain a tension of 10 and 20% of their MVC for 2 min. Care was taken to insure that the subjects did not perform a Valsalva maneuver during the 2-min periods of' handgrip exercise. In addition, the subjects were trained to avoid contracting the muscles of' the nonexercising arm. The magnitude of the response to exercise was determined by the degree of vasoconstriction observed in the nonexercising right forearm.
In Each study period lasted 6 min, incluiding 2 min each of control measurements, measurements during interventioni, and recovery measurements. There was a 5-min rest periodl between each 6-min stuidy period. Forearm blood flow andl heart rate dleterminiiations were m-ade between 30-90 s of' each 2-miml interval; blood pressture was determinedl between 60-90 s.
Data analysis. Statistical comparisons were made with the t test for paired observations or by analysis of variance. Values of' P < 0.05 were considered significant. Results are expressed in the figures and text as; mea-+-1 SE.
RESULTS
Effect of LBNP (-5 mm Hg). During LBNP at -5 mm Hg, central venous pressure decreased by 1.5-2.5 mm Hg in the 4 of 11 subjects in whom it was measured. This low level of LBNP produced a small increase in the forearm resistance without significantly altering systemic arterial pressure (Table I ). There was no reflex tachycardia; in fact, a slight but significant decrease in heart rate was noted.
Effect of isometric handgrip exercise. Table I and Figs. 1 and 2 show that handgrip at both 10 and 20% of MVC produced no significant change in calculated forearm vascular resistance, but there were significant increases in arterial pressure and heart rate. There was no change in central venous pressure with isometric handgrip at either 10 or 20% of MVC. The increases in heart rate and arterial pressure were greater during handgrip at 20% than during handgrip at 10% of MVC.
Effects of LBNP on responses to handgrip. Table I and Fig. 2 show that LBNP caused a greater than threefold increase in the forearm vasoconstrictor response to handgrip at 10 and 20% of MVC, an increase in the arterial pressure response at 20% of MVC, but did not alter the heart rate response. The increases in resistance and arterial pressure were greater than the algebraic sum of the increases for each intervention alone. The decrease in central venous pressure was unchanged from that observed with LBNP alone. DISCUSSION The data indicate that the reflex vasoconstrictor response to isometric handgrip is markedly augmented during LBNP. The augmentation of the response was significantly greater than the simple algebraic sum of the vasoconstriction caused by LBNP baroreceptor denervation, expansion of the blood volumiie reduces renal nerve activity. After section of' the vagal nerves, no change in renal nerve activity was observed during volumile expansion, even though the discharge of mesenteric receptors would most likely have been augml-ented during increases in venous pressture that normally accompany volume expansion.
We have observed similar results in the dog (23) . In additioni, it should be noted that the suction box used in our studies applies negative pressure at and below the level of the iliac crests. Venous pressure in most mesenteric and other intraabdominal veins would be expected to decrease during LBNP so that the discharge of tonically active excitatory receptors in this area would be reduced. On this basis, it is most likely that the augmentation of the excitatory somatic reflex in the forearm by LBNP is mainly the result of a withdrawal of an inhibitory cardiopulmonary reflex, but we cannot completely exclude the possibility that mesenteric veins in the pelvis are distended during LBNP and contribute to the excitatory reflex.
In the present study, as well as in previous studies in man (5, 6) , LBNP at low levels of suctioin was sufficient to cause reflex forearm vasocon!striction in the absence of tachyeardia and( signiificant decreases in arterial pressure. Becauise this level of LBNP does not significantly chanige arterial pressure (5, 6) , it seemns reasonable to suiggest that low level LBNP, like nonhypotensive hemorrhage in animuals, decreases the tonic inhibitory influenice of cardiopulmonary receptors on efferent sympatlhetic activity without importantly altering the stimiiulus to the aiterial baroreceptors (24, 25) .
The marked augmentation of the reflex response to isometric exercise when the cardiopulmoniary receptors were inhibited by LBNP suggests an interaction l)etween the two reflexes rather than a sunmmation of the responses. Several studies have reaffirmed the concept of interaction of reflexes in the control of circulation. We have shown such interactions between arterial baroreceptors and chemoreceptor reflexes (26) , between cardiopulm-onary receptor and arterial baroreceptor as well as chemoreceptor reflexes (27, 28) , and between somatic and arterial as well as cardiopulmonary reflexes in animals (16, 17 The absence of a significant increase in calculated forearmn vascular resistance during handgrip alonie dloes not mnean that there was no increase in vasomnotor tone of forearm resistance vessels. The rise in arterial pressure during exercise was significant, and vasomotor tone had to increase for vascular caliber to be mainitained and for calcuilated resistance not to decrease passively. Thus, there was a vasocoInstrictor responise that was not apparent fromii the calculated resistance changes. The association of an increase in resistanice in the f:ace of a signiificaint autgmiienitation of' the arterial pressture response, as was seeni durinig con-comiiitant exercise and LBNP, incdicates that a major potenitiation of' this increase in vasomiiotor tonie had takeni place.
Despite an increase in arterial pressutre, which would be expected to inhibit sympathetic activity by activating arterial baroreceptors, the actixationl of' somiuatic receptors by exercise causes reflex increatses in heart rate anid in vasomotor tone. The most likely explancationi for the sutstaine(l excitatorv response is the reported inhibition of the arterial baroreceptor reflex during exercise (11, 29) . Althouglh the arterial baroreflex is suppressed durinig exercise, the input fromii the baroreceptors can modulate the siomatic reflex. Work by Kumiada et al. (15) , as well as previous work from ouir laboratory (16, 17) constrictor response to exercise during LBNP which we observed might have been greater if the simultaneous rise in arterial pressure had been prevented. The complexity of the neural control of the circulation is evident from the fact that we observed a small but significant bradycardia at a time when there was forearm vasoconstriction. This finding may be best explained by a withdrawal of an excitatory reflex during LBNP. In this regard, it is known that activation of atrial receptors with vagal afferents by volume loading or by distention of pulmonary vein left-atrial junctions can result in tachycardia at a time when vasomotor outflow to the periphery is decreasing (30) . This is thought to be the basis for the Bainbridge reflex (30) . More recent evidence suggests that cardiac receptors with sympathetic afferents could also contribute to this reflex (24) . It can be suggested that reduced input from atrial receptors with vagal afferents or from cardiac receptors with sympathetic afferents during LBNP was responsible for the small bradycardia that we observed.
On the basis of our results, a mechanism for the significant increase in sympathoadrenal response to exercise noted in humans and animals with heart failure (31, 32) can be suggested. There is evidence in animals that the sensitivity of atrial receptors with vagal afferents (33, 34) is reduced in congestive heart failure. Kivowitz et al. (12) has demonstrated a 5-10% increase in systemic vascular resistance with 15% handgrip in patients with coronary artery disease or mild heart failure (class I and II). In patients with class III heart failure, the increase in systemic vascular resistance with the same level of handgrip was >30%. Several investigators have shown that the sympathoadrenal response to exercise is increased in patients with heart failure (35) (36) (37) . We speculate that the altered sensitivity and, thus, reduced inhibitory influence of cardiopulmonary receptors in heart failure may contribute to this increased sympathoadrenal response to exercise in patients with heart failure. The observation that reducing the influence of cardiopulmonary receptors in man leads to an augmentation of the vasoconstrictor response to isometric exercise is consistent with this view. Studies investigating cardiopulmonary receptor function in patients with heart failure should advance our understanding of the importance of these receptors and their interactions with other reflexes in the heart failure syndrome.
